Abstract-The heat capacity of cryolite (Na3AlF,) has been measured from 7 to 1000 K by low-temperature adiabatic and high-temperature differential scanning calorimetry. Low-temperature data were obtained on material from the same hand specimen in the calorimetric laboratories of the University of Michigan and These data have been combined with data in the literature to calculate phase equilibria for the system Na-Fe-Al-Si-O-F. The resultant phase diagrams allow constraints to be placed on the j-02, fF2, uSiOl and T conditions of formation for assemblages in alkalic rocks. A sample application suggests that log/Oz is approximately -19.2, lo&SF2 is -3 1.9 to -33.2, and aSi is -I .06 at assumed P/T conditions of loo0 K, 1 bar for the villiaumite-bearing Ilimaussaq intrusion in southwestern Greenland.
INTRODUCTION
CRYOLITE (Na3AIFs) is a relatively rare mineral ofgreat importance to the aluminum industry. While Ivigtut, Greenland is perhaps the best known crydite locality, BAILEY (1980) Iists 2 1 occurrences of cryolite worldwide. Despite its importance, however, the values for the thermodynamic parameters of cryolite are uncertain.
Discordant calorimetric enthalpy values for cryolite are given by ALBRIGHT (1956) , O' BRIEN and KELLEY (1957) , and HOLM and G&NVOLD (1973) . FRANK (1961) suggested that the temperature scale used by O'Brien and Kelley was in error and corrected the experimental enthalpy values for that error. However, DOUGLAS and DITMARS ( 1967) suggested that the corrections made by Frank were invalid. STULL and PROPHET (197 If, ROBIE et al. f 1979) and CHASE et al. (1985) attempted to reconcile the discordance in the experimental data for the transitions and temperatures oftransitions in their tabulations of the thermodynamic data for cryolite, but they left the enthalpy values of O'Brien and Kelley substantially unchanged. Therefore, the enthalpy data used to derive the thermody-namic data for cryolite in the common reference sources for geochemists (STULL and PROPHET, 1971; ROBIE et al., 1979) are inconsistent with data derived &om other experimental procedures (e.g., LANDON and WBBELOHDE, 1957) . Resolution of this discrepancy is important both for the ~uminum industry and for geochemists who are interested in problems involving fluorine-rich granites and hydrothermal systems.
We have measured the heat capacity of a natural sample of cryolite from Ivigtut, Greenland using two adiabatic calorimeters between 5 and 350 K and a differential scanning calorimeter (DSC) between 340 and 1000 K. These results are used to resolve the discordant enthalpy data, to provide revised values of the thermophysical constants for cryolite, and to calculate phase equilibria appropriate to cryolite deposits and nepheline-bung gneisses.
SAMPLE DE~RI~ON
The sample consisted of a single block of pure cryolite from Ivigtut, Greenland approximately 11 X 4 X 4 cm in size, obtained from the mineralogical collections of the Department of Geological Sciences at the University of Michigan. Examination of the specimen in thin-section showed that the material was complexly twinned but revealed no other mineral phases. Abundant fluid inclusions, however, were found. Scanning electron microscope (SEM) studies of these inclusions showed that some contain crystals of chiolite (Na&l&.,). These crystals are too small, and too few in number for their effects on the measured heat capacity to be significant, but the effect of the fluid had to be considered.
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Attempts were made to analyze the sample using the ARL-EMX electron microprobe at the University of Michigan. Unfortunately, even at accelerating vohages as tow as 7 kV and sample currents of 2 nA the sample was found to volatilize under the beam. Examination of the energy dispersive (FDA) spectrum, however, revealed only the presence of Na, Al. and F. For cryogenic m~suremen~ at the University of Michigan a single 39.5402 g block of cryolite was slotted to provide a recess for the off-center heating well of the calorimeter. For m~uremen~ at the U.S. Geological Survey, however, a block of cryolite was lightly crashed, and material less than 105 microns was removed. The sample contained particles that ranged upward to about 0.125 cm3. The bulk of the sample mass was contained in particles larger than 1480 microns. The sampIe (38.507 1 g) was loaded into the calorimeter, which was then evacuated. The combined processes of crushing and pumping a vacuum on the sample helped remove some of the water from the fluid inclusions contained in the original block of cryolite.
EXPERIMENTAL METHODS
Low-temperature adiabatic calorimetry was performed on our cryohte sample in two separate calorimeters, one in E. F.
Westrum, Jr's laboratory at the University of Michigan (UM}, and one in R. A. Robie and 8 . S. Hemingway's laboratory at the U.S. Geological Survey (USGS) in Reston, Virgina, allowing an interlaboratory comparison to be made. All measurements of temperature, time, potential, resistance, and mass are referred to ~ibmtions or standards of the National Bureau of Standards. The USGS uses the lPTS-68 temperature scale and the University of Michigan uses the fPTS-48 scale.
Measurements at the UM were made in the Mark II calorimetric cryostat using a capsule-type resistance thermometer (laboratory designation A-5) and a gold-plated, oxygen-free, high conductivity (OFHC) copper calorimeter (laboratory designation W-6 1). The generai nature of the cryostat and the use of the qu~i-a~abatic technique have been described elsewhere (WBTRUM, 1984; WESTRUM et al., 1968) .
Low-temperature beat capacity measurements were made at the USGS using the inte~i~ent heating method under quasi-adiabatic conditions (ROBE and HEMINGWAY, 1972) , and using the fully automated calorimeter described by HEM- INGWAY et ai. (1984) . The gold plated OFHC copper calorimeter was sealed with a metal O-ring (Roem et al., 1976) under pure helium gas at a pressure of 5 kPa. The heat capacity of the sample was 4 1 percent of the total at 10 K, 50 percent at 50 K, 51 percent at 100 K, 56 percent at 200 K, 58 percent at 300 K, and 58 percent at 375 K. The high-temperature heat capacity of cryolite was measured between 340 and 1000 K at the USGS using the differential scanning calorimeter (DSC) apparatus 
EXPE~~ENTAL RESULTS

Low-temperature adiabatic results
The experimental low-temperature heat capacity values from both laboratories are presented in order of measurement in Tables 1 and 2 . These data are given in terms of joules, an ice point of 273.15 K, and a gram formula weight for cryolite of 209.9413 g. A small adjustment for curvature (~0.1 percent) has been made in some regions for the difference between CP = ~d~~~dT~~ and the experimental values of AH/AT based on finite temperature increments, which can usually be inferred from the tabulated adjacent mean temperatures.
In the USC% sample, a thermal anomaly, arising from the melting of fluid inclusions, was first observed in the heat-capacity calculated for cryohte at 27 I .04 K. A repeat series (Series 4, Table 2 ) of heat capacity measurements was made with a small temperature increment (about 0.5 K) between 268 and 271 K. The small anomaly was centered near 268.2 K. The amount of water present was estimated as I .3 * 1 0m4 g of water per gram of cryolite from the excess heat capacity and the enthalpy of fusion of water taken from Rosre et al. (1979) . This quantity of water would contribute 0.03% excess entropy to the entropy of cryolite at 298.15 K with no correction for the enthalpy of fusion of pure water, or 0.02% when the data were smoothed through the small thermal fusion anomaly as was the practice in this study. No further corrections were made for the fluid inclusions because the error arising from the contributions is an order of magnitude less than the uncertainty of 0.3% in the entropy of cryolite at 298.15 K. The same phenomenon was observed in the UM sample, but a greater fraction of the original fluid inclusions was retained because a massive block sample was used. Calculations suggested that the UM sample contained 3.0* 10m4 g of water per gram of sample. Corrections were therefore applied to the measured heat capacity of cryolite for the heat capacity of ice below the melting transition and of water above it.
The smoothed, corrected heat capacity values obtained by integrating the UM data are given in Table  3 . These values were taken from a smooth curve obtained by using least-squares methods to fit polynomial functions through the experimental data and extrap olating below 6 K using the Debye limiting law.
The USGS expe~mental heat capacities were smoothed using the cubic spline procedures described by ROBIE er al. (1982) . The results are given in Table  3 . The experimental results for temperatures below 30 K were plotted as C,,/T vs. T' and extrapolated smoothly to 0 K. The results for temperatures between 20 and 30 K were smoothly joined with the results of the spline function. The graphical data were manually integrated to 25 K. The spline function was integrated from 25 to 350 K.
These values are estimated to have a probable error of0.08% above 25 K, and i% at 12 K, which increases to approximately 6% at 5 K. The the~~ynamic functions are considered to have a probable error of less than 0.1% between 100 and 350 K. Additional digits beyond those significant are given in Table 3 for internal consistency and to permit interpolation and differentiation. The entropies and Gibbs energies have not been adjusted for contributions from nuclear spin and isotope mixing and hence are practical values for use in chemical the~odynamic calculations. The two new sets of cryogenic data reported in this ~sble 1: zxpariwmtsl bmr-temperature heat capscity daterainations on cryolite.
Univesoity of nichigan values. paper and the earlier U.S. Bureau of Mines (USBM) data are compared in Table 3 . It is evident that the data agree within the combined experimental uncertainties over most of the temperature range. The agreement is somewhat poorer at lower temperatures as expected because of the use of different temperature scales. The agreement between both data sets and the earlier USBM data is also poorer at the lower limit of the USBM data set. Derived thermodynamic functions, in particular the entropy values (cf: Table 7 ) are nevertheless well within the estimated error limits for all three sets of data.
The experiment high-temperature specific heats for cryolite are listed in Table 4 , and smoothed values for the thermodynamic functions are given in Table 5 . Each series represents a continuous scan or experimental setup. Series 7 and 12 were taken at 5 K/min. and at I.25 Klmin., respectively, to better delineate the a-/3 transition in cryolite observed at 836.5 K. Our results compare favorably with the enthalpy data of O' BRIEN and KJZLLEY (1957) , which were selected by STULL and PROPHET (197 I) , ROBIE et al. (1979) and CH.GE et al. (1985) in their evaluations of the thermodynamic data for cryohte. Other results are summarized by KELLEY (1960) . STULL and PROPHET (197 1) summarized the temperatures reported for the (~-8 transition in cryolite and selected 838 K at the transition temperature. Our value (836.5) is in good agreement with the findings Of TAN- DON and UBBELOHDE (1957) , MAJUMDAR and ROY ( 1965) , ROTH and BERTRAM ( 1979) and CHASE et al. (1985) .
Our experimental specific-heat data were fit to equations of the type suggested by HAAS and FISHER (1976) . Specific heats below the cr-@ transition were fit by Eqn. fits the data with an average deviation 0.8%. Both equations yield values for the specific heat of cryolite in J/(g K).
The enthalpy of the A+ transition may be calculated from the difference between the measured heat capacities and the two equations given above. Our estimate of the enthalpy of the 0-p transition in cryolite is 8.78 + 1.2 kJ. This value compares favorably with published values of O' BRIEN and KELLEY (1957; 9 .04 kJ) and STULL and PROPHET (1971; 8.24 -t 1.67 kJ) . but is somewhat smaller than the value of 9.5 * 1.7 kJ reported by CHASE et al. ( 1985) . Each value is dependent upon the equations used in the respective studies to smooth the experimental data.
The (w-/i transition of pure cryolite represents a fixed physical point, regardless of the apparent temperatures reported. There has, however, been a great deal ofdiscussion in the literature on the temperature and enthalpy of this transition. O'BRIEN and KELLER' ( 1957) report a value of 845 K for the (Y-L~ transition in cryolite, and their calculated enthalpy value for &cryolitc at the transition temperature differs from that calculated here by 0.16%. less than the uncertainty in either data set.
The enth~py value reported by ALBRIGHT ( 1956) is about 0.2% larger than our value. However, he did not independently define the temperatures for the N-/3 and melting transitions, but chose them to be consistent with the values given by STEWARD and ROOKSBY ( 1953) and used in the Aluminum Research Laboratory (ROLIN, 1952), and did not explain how his data were adjusted to these values. The temperature assigned to the cu-@ transition by Steward and Rooksby was based upon X-ray data from a 19 cm diameter UNICAM high temperature powder camera. The uncertainty in the temperature is not known.
FRANK ( Our results for cryolite, combined with our analysis of the transition temperatures for cryolite, suggest that the temperature scale used by O' BRIEN and KELLEY (1957) was in error. DOUGLAS and DITMARS (1967) based their conclusion regarding the temperature scale used by O'Brien and Kelley upon the temperatures cited for the a-B transition in AlF, and on a comparison of the heat capacities calculated from each of the enthalpy data sets.
The (~$3 transition in AlF3 has a measured enthalpy of transition of about 560 J/mol (DOUGLAS and DIT-MARS, 1967) . O' BRIEN and KELLEY (1957) placed the transition at 727 K based upon enthalpy measurements at 724.9 and 728.1 K. Douglas and Ditmars found the a-/3 transition in their sample occurred gradually between 723 and 726 K. Correcting for impurities yielded a transition temperature of 728 K for pure AIF,. The sample studied by O'Brien and Kelley had a similar chemical composition and yielded a similar temperature for the cu-@ transition in AlF3. This conformity may be somewhat fortuitous as DOUGLAS and DIT-MARS (1967) showed that once the sample has been converted to &AlFs, it may be cooled at least 6 K without undergoing a transition back to a-AlFs. Therefore, the value obtained by O'Brien and Kelley at 728.1 K for the @-AIF, phase may not represent the temperature limit assumed in calculating the transition temperature, because O'Brien and Kelley were unaware of the hysteresis in that transition. The data of O'Brien and Kelley limit the transition to between 724.9 and 734 K on their temperature scale.
The values for the temperature of the transition reported by O' BRIEN and KELLEY (1957) and DOUGLAS and DITMARS (1967) are substantially different from the value calculated by FRANK ( 196 1). The measured enthalpy data as a function of temperature are also different. Using the data of DOUGLAS and DITMARS (1967) as the reference data set, the results of O'Brien and Kelley are less than the reference set by -0.15% at 400 K, and -0.8% at 1400 K. The data given by FRANK (196 1) are about 0.8% higher than the reference set at 400 K and rise gradually to 1.6% greater at 1400 K. Clearly, the slope of the data set of Douglas and Ditmars is different than that of the other two data sets.
Given these results, we suggest that the temperature scale used by O' BRIEN and KELLEY (1957) is in error, but by a lesser amount than that estimated by FRANK (196 1). The (Y-P transition in cryolite is a better reference point for the temperature scales than is the (Y-/3 transition in AlF, because of the hysteresis problem in AIF,. The value observed in our data set yields an estimated error with respect to our temperature scale of +5.5 K in the O' BRIEN and KELLEY (1957) temperature scale at 850 K and an error of + 10 K at 1300 K assuming the correction increases linearly with the temperature from 0 at 298.15 K. This interpretation moves the transition temperature of O'Brien and Kelley from 845 K to 842 K based upon the observed pretransition effect reported by O'Brien and Kelley at 839.9 K and the observed half-width of the heat capacity anomaly observed here (2 K). The corrected enthalpy at 1300 K differs from the values obtained by HOLM and G~~NVOLD ( 1973) by 0.16%. In all cases the uncorrected data of O'Brien and Kelley are significantly different from the results presented in other studies. As the corrections provide a better agreement this suggests that the correction is reasonable.
The size of the temperature correction is consistent with the findings of MCADIE et al. (1972) who reported transition temperatures for ten materials for the Standards Committee of the International Confederation on Thermal Analysis. MCADIE et al. found that the standard deviations, based upon the mean values from the 34 participating laboratories, were 5 to 8 K for transitions at temperatures between 400 and 1250 K. As the data of MCADIE et al. (1972) clearly indicate that temperature scales (calibrated or uncalibrated) can deviate significantly, any evaluation of experimental data from several sources must provide for an analysis of relative differences in the temperature scales. The thermodynamic properties of cryolite (Table 7) are baaed upon a temperature scale defined primarily by the melting point for indium and the Ly-B transition in quartz, both as defined by the Inte~ational Confitderation for Thermal Analysis and by the U.S. National Bureau of Standards (see MCADIE et al., 1972) and released as standard reference materials 758 and 760. Any change in the accepted temperatures for these transitions will alter the thermodynamic properties for cryolite.
We have made several comparisons of the corrected data in support of the arguments for correcting the temperature scale of O'BRIEN and KELLEY (1957) . Comparisons of the temperatures for several transitions, reported in the work of O'Brien and Kelley, with data from the literature are given in Table 6 . We are aware that impurities within a sample may alter the temperature of a transition. However, the evidence presented in this study strongly suggests that differences resulting from sample impurities are not the major source of the discordances among the enthalpy data of O' BRIEN and KELLEY (1957) , ALBRIGHT (1956) and DOUGLAS and DITMARS ( 1967) .
The calorimeter used by O'BRIEN and KELLEY ( 1957) was described by KELLEY ef ai. ( 1946) . There have been relatively few high-quality measurements in recent years that may be compared with results from their calorimetric system. KELLEY et al. reported enthalpy data for silica glass that compare favorably with the recent data of RICLIET et al. ( 1982) at 1300 K, but have a different slope in the temperature range 1000 to 1500 K. Nonetheless. it appears that if the results of O'Brien and Kelley for cryolite and AlF, are in error it may be limited to a systematic problem in that data set alone.
The therm~ynamic properties of cryohte are listed in Table 5 . The entropy at 298.15 K (238.5 J/(mol K)) is calculated from the average of the Michigan and U.S.G.S. low-temperature results. The heat capacity data reported in this study provide the basis for the thermodynamic properties listed between 298.15 and 1000 K. The thermodynamic properties listed at temperatures above 115 3 K are based upon the temperature corrected values (discussed above) reported by O' BRIEN and KELLEY (1957) . Fitted equations are given in Table 8 and in an earlier section of this paper. For these purposes, the two sets of data provided by LANDON and UBBELOHDE ( 1957) will be accepted as defining a premelting transition at about I 153 K. The temperature of fusion of cryolite is taken as 1290 K from the corrected results of O' BRIEN and KELLEY (1957) .
The enthalpy and entropy of the (Y-P transition in cryolite calculated from the data in Table 8 are 8.775 kJ/mol and 10.5 J/(mol K), respectively, at 836.5 K. The P-7 cryolite transition at 1153 K has an enthalpy and entropy of transition of 2.098 kJ/moI and 1.8 J/ (mol K). The enthalpy and entropy of fusion at 1290 K are f 13.75 kJ/mol and 88.2 J/(mol K). These results are significantly different from those given by STULL and PROPHET (197 I), ROBIE et al. (19791 and CHASE et af. (1985) who derived enthalpies about one percent lower at the higher temperatures. The major source for this discrepancy is the treatment given to the data of O' BRIEN and KELLEY ( 1957) .
PHASE EQUIIJBRIA IN THE SYSTEM Ns-Fe-Al&i-O-F
The heat capacity data for cryolite presented above may be used to constrain phase relations for the system Na-Fe-Al&-O-F. This system is useful for beaning the conditions of formation of several natural rock Table 9 ). Many other phases have been excluded, including malladrite (Na*SiF~) and iron-cordierite (FeZAl&OIs), for which no adequate thermodynamic data exist, jadeite, which is only stable at high pressures, and various synthetic compounds unknown as minerals. In the absence of cordierite, its place is taken by the assemblage hercynitequartz. In addition, possible slid-~lution~ such as q SiZO4 in nepheline, FeA1204
in magnetite and NaAISizOh in aegirine, have been ignored. All calculations have been performed at temperatures where andalusite is the stable aluminosilicate polymorpli. Calculations using sillimanite, however, show that the choice of polymorph makes little difference in the temperature range inv~igat~ here (600-1050 K). As the pressure effects on most of the reactions discussed here are small, these diagrams should be qualitatively correct at somewhat higher pressures.
Data for the calculations presented here were derived from standard compilations with the exception of cryolite, high albite, lluortopaz, hercynite, and acmite (Table 9 ). The heat capacity and Gibbs' energy of cryolite were calculated from our measured entropy and the enthalpy data tabulated by ROBIE et al. (1979) .
The molar volume for the high temperature polymorph of cryolite was derived from unpublished data on the molar volume of cryolite as a function of temperature provided by D. R. Peacor of the University of Michigan. The Gibbs' energy of albite was calculated from the entropy data of HASELTON et al. (1983) and the enthalpy data of ROBIE et al. (1979) . High temperature entropy data for hercynite were obtained from our own unpublish~ DSC results. The entropy of hercynite at STP and its Gibbs energy were fitted to the experi- 
using the data for ~mandine, quartz and sillimanite given by . The heat capacity data for acmite (Ko et al., 1977) were combined with solution calorimetry data (BENNINGTON, 198 1) to yield AC;98 = -2410.42 kJ/mole for acmite. The heat capacity of chiolite is taken from STUVE and FER-RANTE (1980) , and its Gibbs energy is taken from JANAF (CHASE et d., 1985) which is based on the solid electrolyte measurements of DEWING ( 1970).
The system Na-Al-Si-O-F
Stable equilibria in the system Na-Fe-Al-%-O-F are calculated at 1000 K and 1 bar (Fig. 1) . Because of the complexity of this and other phase diagrams presented below it was not possible to label all reactions directly on the figures, but they are listed in Table 10 . Not shown in Fig. I is the reaction 4 Na-metasilicate + 2 Corundum + 2 F2 = 4 Nepheline + 4 Villiaumite + OZ (4) which lies atfF* values too low to be shown.
Phases in the system Na-Al-%-O-F may be represented in composition space as a right triangular prism (Fig. 2) following KOGARKO (1966) . Only that portion of this space containing solid phases considered here is shown. Tie lines connect phases which coexist at 1 bar and 1000 K, and outline stable solid phase assemblages allowed by Fig. 1 . By projecting this diagram through O2 (or F2) Na-Al-Si triangles are obtained that represent the sequence of reactions with changingfOu' fF2 (Fig. 3) .
Several phase incompatibilities are evident in Fig.  3 . Chiolite is stable only at very high fluorine fugacities and is not stable with natrosilite (Na&05), Na-metasilicate (Na,SiO,), nepheline, andalusite, villiaumite, or albite. On the basis of a schematic derivation of phase equilibria in this system, BURT ( 1979) states that fluortopaz is incompatible with nepheline or villiaumite, which is supported by our calculations. Natrosilite (NazSizOs) is known from only one locality, Lovozero on the Kola peninsula of the USSR (TIMOSHENKOV et al., 1975) , and Na2Si03 is unknown as a mineral.
The stabilities of these phases are p~sumably limited in nature both by their high solubilities and their decomposition at very low fluorine fugacities.
Cryolite is stable over a wide range of fO,/'FZ conditions, but it has a more limited stability in the presence of quartz, fluortopaz, corundum, or albite. Cryolite is absent from most unde~turated alkalic rocks. Kogarko suggests that the assemblage ~bit~nepheline- 13) Grund and Pizy (1952) , 5) Stuve and Fsrrante (19801, 6) and Hemingway (19811, 19) Rogn&n et al. (19821, 20) --Clausen (1936) . 7) Brosset (1938) . 8) Dewioy 119701, 9) Ko et al. (19771. 211 Bennington (19811, 22) JCPDS. 
is positive at 1 bar, 6OO"C, and that cryolite-albite bearing assemblages are therefore more stable than the nepheline-~lliaumite bearing ones more commonly reported. This argument ignores the effects of variable fluid compositions on mineral stabihties in this system. In our water-free system, reaction (5) Reaction (6) implies that the nepheline-albite-villiaumite assemblage noted by Kogarko is stabilized by oxygen fugacities too high or fluorine fugacities too low to stabilize cryolite (Figs. I, 3) .
The calculations also suggest that the albitequartzsillimanite~olite (or vil~aum~te) assembhrge o~ca-sionally used as an experimental HF buffer must be metastable (BURT, 1979;  Fig. 3 ; BURT and LONDON, 1982) . In addition, not shown on our diagrams are the metastable reactions: Because reaction (7) is metastable relative to reaction (9) and occurs at conditions where fluortopaz is stable instead of sillimanite (or andalusite), Burt's conclusion that the albitequartz-sillimanite-villiaumite assemblage is me&stable must be correct, as the exchange of sillimanite for fluo~opaz in reaction (7) can only generate a reaction which is itself metastable with respect to both reactions (7) and (9). STORMER and CARMICHAEL (1970) and BURT (1979) have suggested on the basis of natural assemblages that reaction (9) controls the upper stability of albite, and this suggestion is also supported by our calculations. ThefF; difference between reactions (8) and (9) is, however, only 0.1 log units at 1000 K and 1 bar. Relatively large uncertainties remain in Gibbs' energies of cryolite, chiolite, and villiaumite (24.2, +4.6, kO.7 kJ respectively, ROBIE et al., 1979) . These differences are large enough to shift the equilibria in favor of reaction (8). If reaction (8) Cryolite + 2 Albite + 4 Fr = Chiolite + 6 Quartz + 2 O2 ( 12) become stable reactions at fPz values below the breakdown of albite. The relative scarcity of chiolite (BAILEY, 1980) may be explained in terms of the high fluorine fugacities necessary for its stabilization at geologically reasonable f Or conditions. At the f Fz conditions where chiolite becomes stable most fluorine-free silicates have already become unstable. Indeed, SiF4 fugacities may be high enough (see below) that remaining silicates will begin to vaporize.
Our calculations suggest that the assemblage villiaumite + quartz has a wide stability field (Figs. 1,3) . On the basis of natural assemblages, however, STORMER and CARMICHAEL (1970) suggest that villiaumite and quartz are incompatible. Stormer and Carmichael noted that the stability of villiaumite may be related to the presence of iron-bearing phases. Though their reaction (1) (villiaumite f albite + magnetite = acmite + nepheline) appears to be metastable, the presence of magnetite limits the stability of villiaumite with either nepheline or albite tofOZ values below the stability limit of cryolite plus quartz at for values below the QFM buffer. This assemblage strongly restricts, but does not eliminate the stability field of villiaumite plus quartz at 1050 K and 1 bar. STORMER and CARMICHAEL (1970) suggested that the antipathy between villiaumite and quartz may be due to reaction with plagioclase: 2 Villiaumite + 4 Quartz + Anorthite = 2 Albite + Fluorite +Plagiocla*e~.~ (13) Figure 4 (their Fig. 2) shows this reaction using our data, plotting -log u(Si02) as a function of plagioclase composition. The plagioclase activity model of NEW-TON et al. (1980) were used in this calculation. Reduced silica activity or reduced anorthite content in plagioclase favors the stability of villiaumi~ (STORMER and CARMICHAEL, 1970) . The instability of villiaumite plus quartz in natural Ca-bearing system is thus explained, as only a small anorthite component in the plagioclase is necessary to destabilize the assemblage villiaumitequartz.
In the system Na-AM&O-F all oxidation and reduction is related to the exchange of oxygen and fluorine. As the oxygenftluotine charge ratio is fixed at 2: 1, all exchange reactions in this system will have two fluorine molecules for every oxygen molecule in the reaction. The slopes of all reactions are therefore par- 
for which log K = -8 log SF20-, = 8 log (SFz/(fOz)0.5).
The calculated value of logfFzO_, is therefore equal to logfF2 at 1ogfOz = 0. Figure 5 shows reactions in the system Na-Al-Si-O-F as a function of temperature andfFzO_, , This diagram has been plotted relative to the reaction 2 Corundum + 6 FZ = 4 AlF, + 3 O2 (17) (cj ANOVITZ et al., 1985) in order to allow greater clarity in its plantation. The effects of temperature are quite marked Plotted reactions have similar fF2O_i/T' slopes except for the quartz -SiFa(g) and fluortopaz -AlF, -SiF4(g) reactions, which have different slopes due to the participation of additional fluid species.
Silicon-fluoride fugacities
In quartz-bearing rocks, the fugacities of the fluid species SiF,(g), SiF&), SiF2(g) and SiF(g) may be readily calculated. Figure 1 shows the limit of stability of quartz at logfSiF4 = 0 using
The system The addition of iron to Na-AI-Si-O-F allows consideration of additional reactions with iron silicates and iron oxides including hematite, magnetite. fayalite. wiistite, iron, almandine, hercynite and acmite (Fig.  1) . Indifferent reactions from the Fe-free system have been omitted. As the calculations (Fig. 6) show that acmite is not stable at 1 bar and 1000 K, no diagram of its stabihty is presented. The calculations of METZ et al. (I 983) show that almandine becomes metastabte relative to sillimanite, fayahte, and quartz below approximately 2 kbar, and aimandine may therefore be ignored in calculations of phase equilibria at 1 bar.
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In this system it is no longer possible to use the F,Q_, operator to display gas fugacities as a function of temperature on one diagram, because oxidation and reduction are no longer solely a function of the exchange of oxygen and fluorine. The ratio of F2 to O2 is no longer constrained to be 2: 1 because iron may be oxidized or reduced in a reaction. The stability of endmember acmite is limited to high JO, and low .f F2 (Fig. 6 ). STORMER and CARMICHAEL ( 1970) suggested several reactions involving acmite and cryohte. inchiding: The phase relations involving fayaiite and the iron the reactions limiting the stability of acmite (Fig. 6 ). oxides at Iower oxygen fugacities are complex (Fig. l) , Reaction (22) is invariant at fixed pressure and tembut the reactions are symmetrical about the wi.istite perature, and metastable with respect to the hematite/ field. Individual reactions involving iron-bearing phases magnetite buffer. Acmite is reduced by the reaction are related above and below this field by reaction (26):
12 Acmite = 6 Natrosilite + 4 Magnetite + 12 Quartz+02.
This result is somewhat surprising in light of the experiments of ERNST (1962) in which acmite is inferred to be a stable phase atfOz conditions below the QFM buffer at approximately 750%. The experimental error in the calorimetric data for acmite (BENNINGTON, 1981; k3 .0 kJ/mol) is too small to account for this discrepancy. Figure 6 shows the lower stability of acmite as a function of temperature plotted relative to the hematite/magnetite buffer (cf: ANOVITZ et al., 1985) . Our calculations show that acmite is stable to j-01 conditions below the QFM buffer only for T < 570°C. Reaction (23), which involves natrosilite, is not likely to control the stability of acmite in nature. However, it does represent an absolute limit to acmite stability and suggests that the ex~~men~lly derived equilibria of ERNST (1962) are met&able or contain unreported solid-solutions. Reaction (25) Magnetite = 3 Fe + 2 OZ.
Thus, discussions for magnetite-bearing reactions apply equally well for reactions in the iron field, and the ironbearing reactions are not further discussed.
In the absence of quartz, the presence of corundum, andalusite, natrosilite, or albite severely restricts the stability of magnetite at 1 bar, 1000 K by the reactions: 2 Magnetite + 6 Corundum = 6 Hercynite + 02, (27) 2 Magnetite + 6 Andalusite = 6 Hercynite + 6 Quartz + 02, (28) 2 Magnetite + 3 Natrosilite and = 3 Fayalite + Na-metasilicate + OXI (29) 4 Magnetite + 3 Albite 4 Acmite + 3 Nepheline = 3 Albite + 2 Hematite + 2 Na-metasilicate (25)
places an upper temperature limit on natural samples with the assemblage pyroxene + nepheline assuming that the effects of pressure and solid-solutions are taken into account (Fig. 7 ).
= 6 Fayalite + 3 Nepheline + 2 OZ. (30) Reaction (30) restricts the stability of fayalite-nepheline to conditions below the QFM buffer in quartz-undersaturated rocks (Figs. 1, 6 ). While marked, the effect of temperature on reactions (27)-(30) is similar to that for the QFM buffer ( 
limits the lower stability of andalusite + magnetite. While these reactions are metastable with respect to others involving anhydrous Fe-cordierite, calculations of the stable equilibria cannot be conducted until accurate data are available for iron-cordierite. Reactions in the system Na-Fe-Al-S-O-F are important for limiting the conditions of formation of many rocks. Below QFM the stabilities of both albite and nepheline are limited in the presence of iron-bearing phases to fluorine fugacities several orders of magnitude below those at which these phases break down at higher oxygen fugacities. For instance, in the presence of magnetite, the stability of albite is limited by reaction (30) in the fluorine-free system, and reactions (58), (611, and (63) in the fluorine/oxygen system at fluorine fugacities well below those defined by reaction (9). Similarly, the stabilities of chiolite, fluortopaz, and cryolite are limited to more fluorine-rich conditions at oxygen fugacities below QFM than in the iron-free system.
Phase relations in the system Na-Fe-Al-Si-O-F may be used to constrain the P, T, log for, and 108 fF2 conditions in a number of metamorphic and igneous environments. These include metamorphosed nepheline syenites, saturated and unde~tumt~ alkaline intrusives (this paper), fayalite granites (BOHLEN and Es-SENE, 1978) and topaz rhyolites (BURT, 1979) . Calculations in this system may also constrain the fluorine fugacities of any rock in which a mineral or assemblage in the fluorine-free system (e.g., sillimanite or andalusite) is stable at the expense of its fluorine counter (e.g., fluortopaz).
We will use the phase equilibria presented above to discuss two examples, the Ivigtut cryolite deposit and the Ilimaussaq alkaline intrusive complex of southwestern Greenland. All analyses referenced in this discussion are listed in Table 11 . The Ivigtut body and the Ilimaussaq alkaline intrusion form part of the 1.1 to 1.3 Ga. Gardar intrusive series of southern Greenland (UPTON, 1974) . At Ivigtut, the cryolite ore caps a narrow alkaline granite intrusion and is itself capped by a chilled porphyritic microgranitic roof which may have helped to trap the fluorine (BAILEY, 1980) . Descriptions of the geology of this body are given by BAL-DAUF ( I9 lo), B&XILD (1953) , PAULY , 19741, BERTHEL~EN (1962 , BERTHELSEN and HENRIKSEN (1975) , BLAXLAND ( 1976), and BAILEY (1980) . The cryolite ore body consisted of several "shells" of differing mineralogy. The main ore body was the sideritecryolite shell which also contained a few percent quartz, sphalerite, galena, chalcopyrite, pyrite, pyrrhotite, and fluorite. In addition, PAULY (1960) lists nineteen other minerals which have been identified in this unit.
Underlying the siderite-cryolite shell to the west was the fluorite-cryolite shell which also contained topaz, muscovite, weberite, jarlite and chiolite. This was in turn underlain by a shell consisting of fluorite, topaz, muscovite, and quartz. To the east a shell consisting of siderite and quartz underlay the siderite-cryolite ore. Assuming that the minerals listed above represent equilibrium assemblages, limits may be placed on the log (fFz/'Ot') conditions of the cryolite deposition in several of the shells. The assemblage cryolite-quartz constrains the siderite-cryolite shell to log JFZ[f'Oh).5 conditions above the reaction Cryolite + 3 Quartz + Or = 2 Vilhaumite + Albite + 2 FZ (33) and below the volatilization of quartz (reaction 18). The assemblage cryolite-topaz-chiolite restricts the log (f Fz/f Of") conditions of the ~uo~te~~oljte shell by the breakdown of chiolite to cryolite and corundum: 3 Chiolite f 3 Or = 5 Cryolite + 2 Corundum + 6 F2 (34) and by reaction (lo), which involves the ~uo~~t~on of cryolite and topaz to chiolite and quartz. At 1000 K reactions (10) and (33) restrict A log (fFr/SOp") in the fluorite-cryolite shell to within 0.55 log units (Fig. 1) .
The Ilimaussaq intrusion represents a series of rocks crystallized from a highly unde~t~t~ peralkaline magma. LARSEN (1976) considered that most, if not all of the rock layers present formed as cumulates. Two layers within this body, sodalite foyalite and naujaite contain apatite, magnetite, fayalite, hedenbergite, alkali feldspar, nepheline, sodalite and eudialyte, which Larsen considered to be a liquidus (appro~mately 800°C) assemblage. Aegirine also appears in these rocks as an intercumulous phase which is interpreted to have formed at or near the solidus at approximately 500°C (LARSEN, 1976) . In addition, BONDAM and FERCXBON (1962) naujaite, although it is unclear whether it formed as part of the crystallization sequence or during a later subsolidus event.
The assemblage feldspar-magnetite-fayalite-nepheline fixes fOz by reaction (30). At 1000 K, 1 bar the calculated logfq values for the sodalite foyalite and the naujaite are -19. 2 and -19.3 , respectively, when corrected for solid-solutions using the models of SPEN-CER and LINDSLEY ( 198 1) for magnetite , and NEWTON et al. ( 1980) for albite, and assuming ideal mixing for nepheline and fayalite.
The QFM buffer allows additions instants to be placed on the conditions of c~stal~~tion of the Ilimaussaq intrusion. LARSEN (1976) noted that given the absence of quartz and the presence of magnetite and fayalite, oxygen fugacities at Ilimaussaq were probably reduced well below QFM. This analysis is supported by our calculations which place the fugacity of oxygen approximately 3.2 log units below QFM at 1000 K. AsfOz is known from reaction (29), however, calculation of the QFM buffer may be used to find the activity of SiOz in these rocks. For the average for this calculation yields log,0 aSi = -1.1. If we assume that the reported ~lliaumite ~uilibmt~ with albite and nepheline, limits may be placed on the f F2 in the naujaite. The assemblage nepheline-~lliaumite limits the maximumfFz by reaction (6), while reaction (35) Nepheline + 2 Na-metasilicate + 2 F2 = Albite + 4 Villiaumite + O2 (35) allows calculation of a minimum fluorine fugacity for the assemblage albite-villiaumite. Using the average f0, calculated above, -33.0 i, logfF, zz -31.8 at 1000 K. Fluorine fugacities are important sensors of the local en~onmen~ in a wide variety of alkaline rocks. The mineral assemblages found in the system Na-Fe-Al-Si-O-F will define or constrainfOz ,fF2 and temperature in other alkalic intrusives, metapelites, and A-type granites. These reactions may also be useful for limiting fluorine and oxygen fugacities in rocks which contain no fluorine-bearing phases. In addition, the thermodynamic data and the phase equilibria derived from them serve as a basis from which reactions in more complex systems (e.g., Na-K-Ca-Fe-Al-Si-O-F-H) may be calculated.
